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Analyses of the kinetic data obtained on the redox reaction between cobalt(II)-4,4',4",4"-tetrasulfophthalocyanine
[Co(II)TSPC4-1

and iodine in the presence of air show three

reactions in dimethylsulfoxide(DMS0), N,N-dimethylacetamide(DMA),
and diethylene glycol(DEG) while there are two reactions in
methanol(Me0H).

Two of the three reactions in DMSO, DMA, and

DEG are biphasic with one reaction in all of the solvents being
too fast to be accurately measured on the Cary Model 14 spectrophotometer.

When the reactant solutions are purged with argon

for 40 minutes under identical conditions, the same biphasic
reactions are observed in DMSO and DEG while only one of the
three reactions is observed in DMA.
reactions are present.

In methanol, the same two

In the absence of air, one of the

biphasic reactions in DMSO and DEC,, and one of the two reactions
in Me0H are still to fast to be measured accurately on the
Cary Model 14 spectrophotometer.

All reactions had a large

excess of iodine over the Co(II)TSPC
went to completion.

4-

to ensure that they

The concentrations of Co(II)TSPC

vii

4-

and

iodine were varied in each solvent to determine their reaction
order.

The measurable iodine reaction in DMSO,Me0H, and DEC

has a first order dependency on both the Co(II)TSPC
iodine concentration.

4-

and

In the DMA solvent, the iodine reaction

has a one-half order dependency on the iodine concentration
4concentration.
and a first order dependency on the Co(II)TSPC
There seems to be no simple dependency on the concentrations
of either iodine and oxygen in the oxygen related reactions
in all solvents.

The redox reaction in each solvent was

examined over a range of temperatures in order to obtain the
activation parameters, AH* and AS*.

A brief kinetic study was

made in DMSO with iodide introduced into the reaction system.

viii

INTRODUCTION

Phthalocyanine(PC) and metallophthalocyanines(MPC) have
received much attention recently because of their technological and biological importance.

Metallophthalocyanines

are all intensely colored and have high thermal and chemical
stabilities which make them important for various commercial
applications.

For example, they can be used as dye pigments,

1-6
catalysts, electrodes and electrocatalysts,
photocon7-13
ductors and photosensitizers,
modified supports for gas14
solid chromatography,
and precursors for new low-dimensional
15
mixed-valence materials.

They are of biological interest

because the phthalocyanine macrocyclic ring is structurally
6 13-17
similar to that of naturally occurring porphyrins. ,
This similarity makes phthalocyanines a good model for mimicking porphyrins in biological systems.
The ring system of phthalocyanine(PC) and porphyrin(P)
molecules consists of a planar structure containing 9 pi
bonds or 18 pi electrons which conform to Huckel's 4n + 2
rule of aromaticity.

The ring systems of naturally occurring

porphyrins have methine linkages while the phthalocyanine
ring contains four isoindole units linked by azo nitrogens.
Both molecules are amphoteric since hydrogen ions can either
be lost from two of the four nitrogen donor atoms to form
the dianion or protonation can occur at one or both of the
nitrogen donor atoms forming cations.
1

2
Metallophthalocyanines are usually insoluble in common
solvents but have slight solubility in higher boiling aromatic solvents such as quinoline, chlorobenzene, and chloronaphthalene.

Since metallophthalocyanines are insoluble in

water, sulfonate groups are added to the phthalocyanine ring
forming the tetrasulfophthalocyanine(TSPC

4) species whose

metal derivatives(MTSPC) are soluble in water.

The metal

in MTSPC is bound by four nitrogen doner atoms of the TSPC
liqand as shown in Figure 1.

When a metal combines with the

TSPC ligand, hydrogen is lost from two nitrogen sites as
protons; and the introduction of divalent metals produces
an MTSPC complex with an overall charge of 4-.
Many studies on various chemical and physical properties
of TSPC

4-

and MTSPC

solvent.18-21

4-

have been made using water as the

In aqueous solution there exists a monomer-

dimer equilibrium for a number of metallophthalocyanines.

19-22

However, in several organic solvents no monomer-dimer equilibrium exists.

In these solvents the metallophthalocyanine

spectrum follow Beer's Law.

Deviations from Beer's Law occur

in aqueous solutions due to aggregation.

23

ants selected for this study is C0TSPC4-.

One of the reactThe spectral pro-

perties fo this complex have been examined in a number of
olvents.

24

The spectrum is characterized by an intense band

-1
near 28,000 cm (Soret band) and another intense band in the
14,000-15,000 cm

-1

region.

The latter absorption band is

responsible for the deep blue or blue-green solutions.
Both bands arise from I -Tr* transitions in the complex.

3

Figure 1.

Typical Structure of a Tetrasulfonated
Metal lophthalocyanine Complex.

5
Considerable interest has recently been shown in metallophthalocyanine complexes which form oxygen adducts and can
serve as models for biological oxygen carriers.

Dioxygen

adducts of cobalt phthalocyanines seem to play an important
role when used as a catalyst in the autoxidation of ascorbic
acid, cysteine, mercaptoethanol, hydrazine, and hydroxyl25
amine.

It is well known that oxygen adducts also form

with a number of other metallophthalocyanine complexes in
26-29
a variety of solvents.

A molecular oxygen adduct of

26
29
4with CoPC formand methanol
forms in water,
Co(II)TSPC
25
ing an oxygen adduct in DMF.

There was no evidence of an

oxygen adduct of CoTSPC in DMSO.

30

Oxidation and reduction of MPC occur at either the metal
center or the phthalocyanine ring.

In general, ring reduc-

tions are electrochemically reversible and ring oxidations
24 31
are irreversible. '

The redox potentials of Co(II)PC and

31
4have been reported in a number of solvents.
Co(II)TSPC
The solvent effects on these metal redox potentials can be
very large while the solvent effects on the ligand redox potentials are small.

Electronic and ESR spectroscopy studies

show that cobalt can form M(I), M(II), and M(III) species
at intermediate potentials--that is, oxidation of phthalocyanine ligand occurs after the metal is oxidized to M(III),
and reduction of the phthalocyanine ligand occurs only after
reduction of the metal to M(I).

The iron(II)/ iron(I) and

cobalt(III)/ cobalt(II) species both involve low spin d6/d7
electronic configurations.

Strongly binding axial ligands

6
(solvent molecules) destablize the

d

Z4 electron in octahe-

dral complexes and favor oxidation to the low spin d
species.

6

Thus, the redox potentials of both compounds

shift negatively with increasing donor strength of the
solvent.
In many naturally occurring biological substances
analogous to MTSPC complexes such as metalloporphyrins, it
is well known that the metal provides coordination sites on
the substrate.

If cobalt is the central atom of a corrin

ring system as in vitamin B12 and the series of cobamide
coenzymes, axial ligands bind above and below the metal.
When one of the axial ligands is benzimidazole of an associated nucleotide, the biological species is cobalamin; if
this is replaced by a water molecule, then the cobinamides
are formed.

Kinetic studies of cobalamin substitution re-

22actions with various ligands such as SCN , SO, S20 ,
3
NCO, N 3 , I , and Br- have been examined in aqueous solution.

32

There have also been several studies dealing with

ligand substitutions of other cobalt(III) porphyrins.33-35
However, there have been fewer studies made of ligand additions
to various metallophthalocyanines and only a small number
of kinetic studies made with C0TSPC

4- 19,20,29
.

ESR studies have shown ligands such as DMSO, CN-, imidazole,
and pyridine bind to CoTSPC4- in DMSO but rate constants
were not reported.

30

Likewise ESR studies in DMF involving

CoPC with ammonia and oxygen show these ligands bind in the
axial positions of the metal but no kinetic measurements

7

were made.
on CoTSPC

25

4-

Furthermore, there have been no studies made
involving redox rates.

This work describes a

kinetic study of the redox reaction between C0TSPC

4-

and

iodine in various solvents under a variety of conditions to
gain more insight into the reaction mechanisms involved.

EXPERIMENTAL

This section of the thesis is divided into five parts:
materials, apparatus, spectral measurements, kinetic measurements,
and preliminary experiments.

A.

Materials
I.

4CoTSPC
The tetrasodium salt of CoTSPC

4-

used in this

project was a gift from Dr. Daryle H. Busch of Ohio State
This dark purple dye was kept dry in a vacuum

University.

dessicator since it is hygroscopic.

The spectral properties

of this dye were in good agreement with previous literature
24
values.
2.

Iodine
Laboratory grade iodine was purchased from Fisher

Scientific Company and used with no further purification.
3.

Solvents
a.

Dimethyl Sulfoxide
Dimethyl sulfoxide of 99+% and 99% grades were

obtained from the Aldrich Chemical Company, Inc.

These

solvents were distilled according to literature procedures.
b.

36
Methanol
Methanol of spectral quality was purchased from

Fisher Scientific Company and used as purchased.

8

9
c.

N,N-Dimethylacetamide
N,N-Dimethylacetamide of 99+% quality was

obtained from the Aldrich Chemical Company, Inc.

This

solvent was purified as described in the literature.
d.

37

Diethylene Glycol
Reagent grade diethylene glycol was secured

from Eastman Kodak Organic Chemicals and purified
according to literature methods.
4.

38

Potassium Iodide
Reagent grade potassium iodide was purchased from

Matheson Coleman & Bell and used without purification.
5.

Argon
Technical grade argon gas was purchased from the

Southern Welding Supply Company, Inc., of Bowling Green,
Kentucky, and used with a chromium(II) scrubber to remove
oxygen before purging the reactant solutions.

B.

Apparatus
1.

Cary Model 14 Recording Spectrophotometer
The Cary Model 14 recording spectrophotometer was

used to make most of the kinetic and all of the spectral
measurements.

Although this instrument can be used in the

ultraviolet, visible, and near infrared spectral regions,
all kinetic and spectral measurements were made in the
visible region of the light spectrum.

A Haake Model FE

constant temperature circulation bath which was connected
to a spectral cell jacket via 1/4 inch tygon tubing was used
to maintain constant temperatures of the reaction solutions.

10
The thermostable cell jacket permits the reaction solutions
in the spectral cell to be kept within ±0.03°C over temperatures ranging from 25°-55°C.

Ice water was supplied to the

Haake circulator via a Vertical Centrifugal Immersion Pump
manufactured by Sargent-Welch Scientific Co., Model No. B-6
for the lower temperature measurements.
Rectangular quartz cuvette cells having a 1 cm light
path were used as the reaction vessels for the kinetic
measurements.

Cylindrical quartz cuvette cells of 0.1, 0.2,

0.5 and 1.0 cm light path lengths were used for the spectral
measurements.

The slidewire with a 0-2 absorption range was

used for most of the kinetic and spectral measurements.
ever, at very low C0TSPC

4-

How-

concentrations, the kinetic and

spectral measurements were obtained with the slidewire having
a 0-.2 absorption range.

The limit of error in the spectral

measurements is ±0.001 absorbance units.
2.

Stopped-Flow Apparatus
Reaction rates which are too fast for the Cary

Model 14 spectrophotometer can be followed on the stoppedflow apparatus.

The stopped-flow apparatus consists of two

10 ml glass syringes surrounded by glass jackets to allow
water from a constant temperature bath to control the temperature of the reactant solutions.

Each syringe is attached

to a 3-way stopcock via polypropylene tubing.

The reactant

flow from each syringe is split into two streams before
entering the Atom-Mech 8-jet, 2 mm teflon mixing chamber.
The reactant solutions are kept in glass reservoirs with
plexiglass jackets to allow thermostated water to circulate

11
for temperature control.

The reactants are drawn into the

10 ml syringes via 3-way stopcocks

and mixed in the mixing

chamber from which it passes through an observation tube
having a 2 mm light path.

The light source is an Aminco 120

watt Tungsten Iodide Lamp housed in an Aminco #4-8459 grating
monochromator.

Monochromatic light traverses the quartz

observation tube with the width of the light beam and the
wave length controlled by the Aminco monochromator.

The

transmitted light beam is detected and amplified by a Varian
EMI #6254 B photomultiplier tube.

The output from the photo-

multiplier tube is connected to a Simpson microammeter to
measure the photomultiplier current with the current being
maintained between 9-10 microamperes for each kinetic run.
This current is directed to an Aminco #4-8418A Kinetic Photometer for optimization of the dynamic photometric signal.
The output from the kinetic photometer is fed to a Type 3A9
Differential Amplifier of a Tektronix Type R 564B Mod 08
Storage Oscilloscope where the photomultiplier current is
converted to voltage.

The sweep rate of the signal across

the screen of the oscilloscope is controlled by the Tektronix
3B3 Time Base Unit used to monitor the time rate of change
of the signal voltage during the course of a reaction.
The observation tube is connected to a 20 ml stopping
syringe by a 3-way stopcock.

The mixed solution which passes

through the observation tube and stopcock is fed to the stopping syringe where the flow stops instantly when the plunger
from the stopping syringe strikes the mechanical microswitch
mounted on the stopping block located beneath.

This micro-

12
switch triggers the oscilloscope which is electrically connected to it and allows the reaction to be followed on the
screen of the scope showing the transmittance of the stopped
solution recorded in voltage as a function of time.

With

this instrument, reactions having 3 milliseconds or longer
half-lives can be measured.

The screen of the oscilloscope

containing the kinetic curve of the reaction is photographed
with a Tektronix Polaroid C-12-R camera loaded with Polaroid
Type 47 black and white film.

A Power Design Model 1565 High

Voltage DC Power supply and a Harrison LVR Model 6274A were
the power supplies to the photomultiplier tube and the iodide
lamp, respectively.

The other arm of the stopcock is used

for sampling and disposal of the mixed solutions.

The in-

strument design is similar to that reported by Sutin, et al.
3.

39

Portable Microprobe Thermometer
The portable thermometer, Model No. Bat-4, and the

immersion probe, Model #8506-75, were used to measure the
temperatures of the reactants.

This thermometer is manu-

factured by Bailey Instruments Company, Inc. and has a probe
which consists of a thermocouple wire of 0.1 cm in diameter.
The probe can be placed into the reaction solutions of the
spectral cell located in the sample compartment of the Cary
Model 14.

The temperatures of the solutions were measured

after sufficient time had elapsed for the solutions to equilibrate.
4.

Balances
a.

A Sartorious analytical balance, Model #2402,

was used for most of the weight measurements.

This

13
instrument was manufactured by Sartorious-Werke AB in
Gotlingen, Germany, and has a 200 g range with an accuracy of ±0.10 mg.
b.

A Sartorious analytical balance, Model #1601

MP8, was also used for some of the weight measurements.
This instrument was manufactured by Sartorious GMBH in
Gotlingen, Germany, and has a 100 g range with an accuracy of ±0.10 mg.
5.

Chromium(II) Scrubber
A chromium(II) solution with a gas deareator assembly

was used to remove oxygen from the argon gas.

The Chromi-

um(II) scrubber was prepared by dissolving the surface oxide
of reagent grade mossy zinc with a 6 M solution of reagent
grade hydrochloric acid.

The zinc amalgam which was used

to reduce the Cr(III) solutions was then prepared by adding
ten milliliters of a saturated solution of reagent grade
mercuric chloride in concentrated hydrochloric acid to the
mossy zinc.

The zinc-mercury solution was allowed to stand

several minutes to complete the amalgamation process before
being thoroughly washed with deionized water.

The amalgam-

ated zinc was then added to a gas scrubbing apparatus and
the green chromium(III) solution was reduced to chromium(II)
which has a light blue color.

When the solution achieves

a blue color, the scrubber is ready for use.

Argon gas was

passed through a drying tube filled with phosphorous pentoxide and calcium chloride which was inserted between the
scrubber and reactant solutions to remove any water entrained
in the argon gas stream.

The argon gas stream was then

14
bubbled through a solvent trap to eliminate any evaporation
of the organic solvents used as the reaction medium.

The

solvent in the trap was changed each run to match that of
the reaction medium.

C.

Spectral Measurements
Spectral measurements of C0TSPC

4-

and iodine were made

separately in each solvent to ensure there was no reaction
between solvent and reactant as well as to test for any molecular association of the dye.
spectra of C0TSPC
each solvent.

4-

Figures 2-5 present the

alone and after reaction with iodine in

The absorption maxima and their wavelengths

4are reported below in diethylene glycol (DEG)
for CoTSPC
and N,N-dimethylacetamide(DMA):
-1 -1

Solvent A (nm) Logc (cm
1
1

M

)

-1 -1

A (nm) Logc (cm
2
2

M

)

-1 -1

A (nm) Logc (cm
3
3

DEG

665

5.10

600

4.50

327

4.91

DMA

666

5.11

603

4.46

329

4.84

M

These spectral data are quite comparable to those obtained
24
in dimethylsulfoxide(DMS0) and methanol(Me0H).
1.

Selection of Solvents
A number of solvents were tested to determine a

satisfactory media in which the redox reaction between iodine
and CoTSPC

4-

could be examined.

The solvent had to satisfy

several criteria before being selected such as providing
adequate solubility of the reactants, displaying inertness
towards each reactant, and not altering the redox potentials
of the reactants so that a redox reaction can occur.

Four

)

15

Figure 2.

Visible Spectra of Reactant and Product in
Dimethylsulfoxide

16
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Figure 3.

Visible Spectra of Reactant and Product in
N,N-Dimethylacetamide

18
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Figure 4.

Visible Spectra of Reactant and Product in
Methanol

20
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Figure 5.

Visible Spectra of Reactant and Product in
Diethylene Glycol

22

SPECTRA TAKEN AT 291°K
WITH A 1.0 CM CELL IN DEG.
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solvents were found suitable for study; they were dimethyl
sulfoxide(DMS0), N,N-dimethylacetamide(DMA), methanol (Me0H),
and diethylene glycol (DEG).
soluble while C0TSPC
solvents.

4-

Iodine as expected was very

was weakly soluble in all of these

Both the dye and iodine have rich visible spectra

provided the latter is present at sufficient concentrations.
Unlike so many of the other solvents tested, the spectra of
these reactants were not altered in the four solvents selected although DMSO, DMA, and DEG had to be distilled before
reproducible kinetic results could be achieved.
Molecular Association of CoTSPC

2.

4-

Although a study of the molecular association of
CoTSPC4- in Me0H and DMSO has been reported in the literature

24

no such study has been made in DEG and DMA.

Therefore,

the molecular association of the dye in these solvents was
tested.

-4
-4
(10.16 mg/100 ml)
CoTSPC
Stock solutions of 10

-6
in each solvent were prepared from which aliquots of 5.0x10 M,
-5
-5
-5
M were obtained.
M, 2.5x10
M, and 5.0x10
1.0x10

Their

spectra were taken in each solvent on the Cary Model 14
spectrophotometer at 23°C using spectral cells of light paths
1.0 cm, 0.5 cm, 0.2 cm, and 0.1 cm, respectively, so that
the product of the dye concentration and light path length
were kept constant.

All spectra in each solvent were super-

imposable and resembled that of the C0TSPC

4-

monomer species,

thus indicating that no molecular association of the dye had
occurred.

These observations were nearly identical to those

obtained in Me0H and DMSo where no molecular association of
the dye had been reported.

24

24
D.

Kinetic Measurements
Kinetic measurements of the redox reaction between iodine

and C0TSPC

4-

were made in four different solvents(DMSO, DMA,

DEG, and Me0H) with air present and excluded.

The latter

condition was achieved by purging the reactant solutions
with air-scrubbed argon for 40 minutes.

Furthermore, the

effect of iodide on the redox reaction in DMSO was examined
-1
using an iodide concentration range of 1.90x10 'M - 1.50x10 M.
-4
4Stock solutions of 10
M C0TSPC
were prepared in each
solvent from which the dye concentrations for each kinetic
run were obtained.

Spectra were taken of the reactants and

products in each solvent (see Figures 2-5) with the concentration of dye verified when possible from absorbance values
reported in the literature.

24

Kinetic runs were performed

under pseudo-first order conditions by maintaining the iodine
concentration in large excess, thus ensuring that the redox
reaction went to completion in every run.

The reactants were

allowed to equilibrate to the same temperature in thermostated
spectral cells prior to each kinetic run with most runs performed
in duplicate.

All kinetic data were obtained on the Cary

Model 14 spectrophotometer with the exception of a few studies
made in methanol and DMSO using the stopped - flow apparatus.
1.

Air
Generally, 2 mls of the dye were pipetted into a

thermostated cuvette cell positioned in the sample compartment of the Cary Model 14 spectrophotometer.

Iodine solu-

tions (0.1 or 0.2 ml) were then added to the dye solution

25
using either 100 pl or 200 ml Eppendorf pipets, respectively.
The reactants were quickly mixed with a teflon wand and the
redox reaction monitored at 675 nm where the oxidized products appear.

No attempt was made to maintain the ionic

strength of the solution constant.

The concentration of dye

in each solvent was varied by an order of magnitude (see
Tables II-VI) while the iodine concentration was varied at
least sixfold or more to determine their reaction orders.
Activation parameters in each solvent were obtained by varying the temperature over a range of 291-302°K except in DMA
and DEG where a lower temperature of 284°K was used (see Tables
IV and VI).

Finally, the effect of iodide on the redox reaction

in DMSO was examined at 299°K using dye and iodine concentrations
-6
of 4.35x10 M and 1.9x10-3M, respectively.
2.

Argon
Selected kinetic runs made in each of the four sol-

vents with air present were repeated with the reactant
solutions purged with argon to remove any dissolved oxygen
for comparison.

The spectral cell and iodine vessel were

fitted with rubber septum caps purchased from Arthur H. Thomas
Co.

Argon gas was then bubbled for about 40 minutes through

both solutions.

Oxygen was removed from the argon gas stream

using an aqueous chromous solution prepared and used over
amalgamated zinc.

A drying tube was inserted between the

scrubber and the solvent trap to remove all traces of water
from the argon gas stream while the solvent trap was placed
between the drying tube and reactant solutions to prevent
evaporation of the reactant solutions.

The solvent in the
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trap was changed for each run to match the reaction medium.
A 1 ml Bacton-Dickenson tuberculin syringe graduated to
1/100 ml was used to transfer the iodine solution to the
cuvette containing the dye solution.

Argon gas was then

allowed to bubble through the mixture for a few seconds to
mix the reactants.
Experimental errors in the rate constants obtained in
the four solvents were ±8% while that for AH* and AS* were
±10%.

E.

Preliminary Experiments
1.

Solvents
Many organic solvents were tested to achieve suit-

able solubility of the dye and iodine.

The dye was insoluble

in those solvents which are listed in Table I.

In addition

to the solvents tested in Table I, the dye was tested in
glycerol and was soluble, but iodine was not.

Furthermore,

both the dye and iodine were soluble in the following solvents:

N-methylpropionamide, N-methylacetamide, formamide,

N-methylformamide, N,N-dimethylformamide, and diethylenetriamine.
But either the dye or iodine reacted with the solvent.
Finally, both the dye and iodine were soluble and stable in
ethylene glycol and ethylenediamine, but there was no reaction in these solvents.
2.

Ligands
Substitution reactions of C0TSPC

4-

with various

ligands such as cyanide, imidazole, azide, urea, and thiocyanate were examined in DMSO.

These reactions could not

-
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Table I
Organic Solvents Tested for Solubility of Reactants

SOLVENT

SOLVENT

1.

Acetophenone

17.

Ethyleneimine

2.

Acetic Anhydride

18.

Glycol Sulfate

3.

Acetamide

19.

Hexamethylphosphoric Triamide

4.

Acetonitrile

20.

Methyl Acetate

5.

Acetaldehyde

21.

Nitromethane

6.

Acetone

22.

2-Nitropropane

7.

Benzene

23.

Phenylacetonitrile

8.

Benzonitrile

24.

Pentyl Alcohol

9.

Carbon Tetrachloride

25.

2-Propanol

10.

Chlorobenzene

26.

N-Propyl Alcohol

11.

Chloronapthalene

27.

Pyridine

12.

1,2-Dichloroethane

28.

Sulpholane

13.

2,2-Dimethoxypropane

29.

Tetraethylenepentamine

14.

1,4-Dioxane

30.

Tetrahydrofuran

15.

Ethanol

31.

Tributylphosphate

16.

Ethyl Acetate
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be followed due to the very small spectral changes involved
except for the cyanide ligand which has already been studied.
" Therefore, a study of axial ligand substitution of
C0TSPC
3.

4-

in DMSO was terminated.

Oxidizing Agents
Several oxidizing agents such as KMNO ,Co(Terpy) 3+
4
2'

Hg(CN)2, FeC1 3, HgSO4, CuC12, CuBr2, Na 3Fe(CN)6 and Tl(NO3) 3
were tested with C0TSPC4- in DMSO and the spectrum of each
product compared with that of the dye.

HgSO4 was insoluble

in DMSO while KMn0 reacted with this solvent.
Kinetic runs
4
with Na 3Fe(CN)6, FeC1 3 and Co(Terpy) 3+ were attempted on the
2
Cary Model 14 spectrophotometer and there were no reactions
observed.
CuC1 2, CuBr

On the other hand, the reactions of the dye with
2'

and Tl(NO ) were too fast to be measured on
3 3

the Cary Model 14.

The reaction of the dye with Hg(CN)2

solution was too slow to be followed on the Cary Model 14.

RESULTS AND DISCUSSION

Analyses of the kinetic data obtained on the iodinecobalt(II)tetrasulfophthalocyanine(CoTSPC

4-

) system in the

organic solvents DMSO, Me0H and DEG show two reactions when
the solutions are purged with argon while only one reaction
is observed in DMA.

One of the reactions in DMSO, Me0H, and

DEG is too rapid to be measured accurately on the Cary
Model 14 spectrophotometer while the other reactions can
be measured as well as the single reaction in DMA.

When

the system is reexamined in air under the same conditions,
one additional reaction is observed in DMSO and DEG while
two additional reactions are observed in DMA with one of
these reactions too fast for measurement on the spectrophotometer.

The same two reactions occur in Me0H.

had a large excess of iodine over the dye.

All reactions

No attempt was

made to maintain a constant ionic strength in the system
since iodine is uncharged.

Finally, a brief kinetic study

was made in DMSO with iodide present in the reaction system.
A more detailed discussion of the kinetic results obtained
in each solvent is presented below.

A.

Dimethylsulfoxide
Two reactions are observed between iodine and C0TSPC

4-

in air with a third reaction requiring both iodine and
oxygen.

One of the iodine reactions is too fast for accu-

rate measurement on the spectrophotometer while the slowest
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reaction is observed with molecular oxygen.

This reaction

does not occur when the reactant solutions are purged with
argon.

Furthermore, there seems to be no simple dependency

on the concentrations of either iodine and oxygen in this
reaction.

However, the slower iodine reaction has a first

order dependency on both the dye and iodine concentrations
or an overall second order reaction.

The concentration of

iodine was varied over a range of 1.90x10-3M to 11.45x10-3M
at 291°K while the dye concentration was varied from
-7
3.95x10 M to 4.35x10

at this same temperature.

Table II

presents the rate constants obtained with the Cary Model 14
spectrophotometer.

The second order rate constant for the

slower iodine reaction is 6.8M-1s-1 at 291°K.
Cyclic voltammetry studies of C0TSPC4- in DMSO report
that two electrons are involved in the oxidation process.24
The first electron is assigned to the oxidation of the
metal[Co(II) to Co(III)) while the second electron is
believed to oxidize the ligand producing a radical cation
of the tetrasulfonated phthalocyanine ring.1,24,44

Since

iodine is a strong two-electron oxidant, it was thought to
be capable of accomplishing both oxidation steps.

All three

reactions produce spectral changes in the visible region of
the light spectrum which suggests involvement with the pi
system of the phthalocyanine ring.

Oxidation of several

metallophthalocyanines including cobalt(II)-phthalocyanine(CoPC)
with thionyl chloride and iodine produce X2M(III)Pc-1.1
analogous iodine product has been proposed in our system.

An

31

Table II
Summary of Kinetic Results in DMSO

7
410 [C0TSPC

3
10 [I ]
2

T

2
10 k

f

3
10 k

**
k

S

12

-1)

-1
(s )

291

1.30

7.07

6.8

1.90

291

1.30

7.07

6.8

43.50

6.00

291

4.08

9.49

6.8

43.50

9.52

291

6.30

10.00

6.6

43.50

11.45

291

8.15

19.00

7.0

40.40

1.90

291

1.30*

-

6.8

43.10

1.90

299

2.77

44.10

1.90

299

2.77*

43.10

1.90

312

(M)

(M)

(°K)

3.95

1.90

43.50

(s

11.60

9.90

(M

-l -1
s )

14.6

-

14.6

19.30

61.1

Reactant solutions purged with argon for 40 minutes
**

Shows that k

has a first order dependency on the
2
iodine concentration.
I
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Electron spin resonance studies in DMSO show that base
adducts of CoPc form but not an oxygen adduct.

30

Conse-

quently, the slow reaction requiring dissolved oxygen can
not be attributed to the formation of an oxygen adduct.
However, such is not the case in methanol where electron
spin resonance studies suggest a 1:1 molecular oxygen adduct
of Co(II)TSPC

4- 26
.

Reactions of Co(II)TSPC

4-

with iodine in DMSO were

examined over a temperature range of 291°-312°K (see Table II).
Plots of log k vs 1/T are linear and yield activation parameters, AH* and AS* for the fast and slow steps of
17.3±2kcal/mole and -8±1 e.u.; 8.8±0.8kcal/mole and -40±4 e.u.,
respectively.

Figure 6 presents the results of these
A comparison of the rate constants for

Arrhenius plots.

the faster step of the biphasic reaction involving iodine
and C0TSPC

4-

in DMSO with that of some ligand substitution

rate constants involving cobalamin in water show that they
are comparable considering the differences in the two solvents
and the reactant charges which suggests that both reactions
could be similar.
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Consequently, the slower iodine-00TSPC

4-

reaction may be a substitution reaction or a substitution
controlled redox reaction rather than just a redox reaction.
The argument against just a redox reaction is reinforced by
the kinetic results obtained when iodide was introduced into
the redox system.
C0TSPC

4-

The redox reaction between iodine and

was examined over an iodide concentration range of

-3
1.90x10 M to 0.15M at 296°K (see Table III).

As the iodide

concentration is increased, the reaction rates between iodine

33

Figure 6.

Determination of AH* and AS*
in Dimethylsulfoxide
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Table III
Summary of Kinetic Results in Dimethylsulfoxide
at Different Iodide Concentrations

-2 -1
-3 -1
T=299°K. kf =2.77x10 s , k =9.9x10 s
s

3
10 [I ]
2

3 10 [I ]

6
410 [C0TSPC ]

EXTENT of REACTION*

(M)

(M)

(M)

(%)

1.9

152

4.53

0

1.9

15.2

4.53

8

1.9

1.9

4.53

44

1.9

0

4.53

100

*

Assumes a change in absorbance of 0.25 units
for a complete reaction.
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and C0TSPC

4-

remain the same but the extent of reaction

decreased until at 0.15M iodide, no redox reaction occurs.
This is supported by our spectral studies which show that
although no spectral changes seem to occur with ligand substitution (including the iodide anion) of C0TSPC

4, redox re-

actions produce a spectral shift from 663 nm to 675 nm accompanied by an increase in the intensity at this wavelength
(see Figure 2).

None of these spectral changes occur at the

high iodide concentration.

The iodine-iodide equilibrium is

shown below:

12 + I

13

When iodide is present, the triiodide complex forms whose oxidation potential is similar to that of iodine in aqueous
42
solution.

As the iodide concentration is increased, the

concentration of triiodide increases so that at high iodide
concentrations only the triiodide complex may be present in
DMSO since the equilibrium in water favors the triiodide
43
complex.

Since no redox reaction appears to have occurred

at high iodide concentrations, the indication is that either
iodine rather than triiodide is able to oxidize Co(II)TSPC

4-

(which is unlikely due to their similar redox potentials in
water) or the iodide anion interferes with the redox reaction
perhaps by binding in the axial positions of the dye, thereby
preventing these oxidants from reacting with the dye.

One

reaction scheme which is consistent with all of our observations is as follows:

37
12 + Co(II)TSPC

4-

4I Co(II)TSPC
2

I

+ ICo(III)TSPC

3-

4I Co(III)TSPC
2

K1
I2Co(II)TSPC

K2

4, rapid

ICo(III)TSPC

3-

+ I-, fast (2)

k
3
4-----* I Co(III)TSPC
2
k

s

I Co(III)TSPC
2

2

(1)

4-

(3)

(4)

The equilibrium in the first step should be too fast for measurement due to the lability of the cobalt(II) ion.

A rate

5 -1
has been reported for the DMS0 exconstant of 3.16x10 s
change with the cobalt(II) ion.44

The second equilibrium

involving oxidation of the metal ion is assigned to the fast
step requiring iodine which could not be accurately measured.
-2 -1
at 291°K is estimated on the
A rate constant of 5.33x10 s
stopped-flow apparatus as one step in the equilibrium.

An

equilibrium is also proposed in step 2 due to the proximity
of the redox potentials of iodine(0.536v in water) and the
45
metal redox couple estimated to be 0.46 volts in DMSO.
The third step involving substitution of a cobalt(III) complex with an iodide anion is consistent with the first order
dependency of both the dye and iodine concentrations.

shown in Table II, is equivalent
2
in the above reaction scheme. Studies have demon-

observed rate constant, k
to

K1K2k3

The

I

strated that substitution reactions involving the cobalt(III)
ion with various ligands can be quite fast when the tervalent
metal is coordinated to porphyrins or porphyrin-like lig32 35
ands. '

The unusual lability of the cobalt(III) ion in

38
these complexes relative to most other d

6

metal complexes

has been attributed to extensive delocalization of the metal
46
ion electron onto the porphyrin or porphyrin-like molecule.
The last step in the proposed mechanism involves oxidation
of the tetrasulfonated phthalocyanine ring to a radical
cation which we believe requires the presence of oxygen.
Electrochemical studies in DMSO shows that the ring oxidation
occurs at 1.09 volts which is significantly greater than that
24
of the central metal ion.

Consequently, the greater electro-

chemical energy requirements may reduce the reaction rate
relative to that involving oxidation of the central metal
ion and it is assigned to the slowest reaction observed.
The disappearance of this reaction when the reactant solutions are purged with argon can be attributed to the removal
of oxygen whose redox potential can be much greater than
that of iodine.

For example, in aqueous solution the redox

potential of oxygen can reach 1.23 volts while that of iodine
42
is estimated as 0.536 volts.

Thus, when oxygen is removed

from the system, the redox potential of iodine may not be
large enough to oxidize the ring and hence this reaction
would not occur.

B.

N,N-Dimethylacetamide
The iodine-00TSPC

4-

system also shows three reactions

with air present, but two of these reactions do not occur when
air is excluded from the system.

One cf the reactions is

too fast to be measured on the spectrophotometer while the
slowest reaction involves only iodine.

The iodine reaction
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shows a first order dependency on the dye concentration but
a one-half order dependency on iodine giving a 1.5 order
overall reaction.
from 2.38x10

The iodine concentration was varied

-3
to 2.32x10 M at 291°K while the dye concen-

-6
-7
tration varied from 4.29x10 M to 5.99x10 M at this same
temperature.

Table IV contains the rate constants obtained

in DMA with the reaction involving only iodine having a rate
-1/2s-1
at 291°K.
constant of about 0.73M

The fractional re-

action order in iodine suggests that only one electron of
this oxidant is involved in the oxidation of C0TSPC

4.

Activation parameters with air present for the biphasic
reaction in DMA were obtained over a temperature range of
284°-312°K.

Arrhenius plots of the rate constants are linear

(see Figure 7) and yield activation parameters, AH* and AS*
for the fast and slow steps of 7.4±0.7 kcal/mole and -38±4 e.u.,
5.8±0.6 kcal/mole and -47±5 e.u., respectively.

There is

a substantial difference in the activation parameters for
the iodine-CoTSPC

4-

reaction in DMA and DMSO which is not

unexpected since even thermodynamic functions associated with
reactions involving metalloporphyrins also undergo large
47
changes in different solvents.

Reactions having large

negative activation entropies and rather small activation
enthalpies can be indicative of significant bond formation
in the activated complex.

On this basis, the oxidation step

involving only iodine may proceed via an inner-sphere mechanism where iodine binds to one of the axial positions of the
dye during the electron transfer.

However, this does not
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Table IV
Summary of Kinetic Results in DMA

7
410 (C0TSPC ]

4
10 [I ]
2

(M)

(M)

4.29

*
**

T

2
10 k

f

2
10 k

s

k**
12

(°K)

-1
(s )

-1
(s )

4.76

291

5.77

1.65

0.75

39.90

2.38

291

4.62

1.08

0.70

41.30

4.96

291

1.65*

0.74

43.50

4.76

291

5.77

1.63

0.75

49.50

9.09

291

13.80

2.20

0.73

59.90

23.25

291

23.10

3.38

0.70

50.30

4.76

284

4.47

1.26

0.58

49.50

4.76

300

8.66

1.87

0.86

49.50

4.76

312

13.90

2.94

1.35

-

-1/2 -1
s )
(M

Reactant solutions purged with argon for 40 minutes.
Shows that k

has a one-half order dependency on
2
the iodine concentration.
I
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Figure 7.

Determination of AH* and AS*
in Dimethylacetamide

43
rule out the possibility of a inner-sphere mechanism also
occurring with the redox reactions in DMSO.
Results from cyclic voltammetry studies in DMA show
that two electrons are also involved in the oxidation of
CoTSPC

4-

as in DMSO.

31

Although the metal redox potentials

show a critical dependence on both the solvent and electrolyte, the oxidation potentials of the phthalocyanine ring
does not and they are quite similar in these two solvents.

31

One trend in the effect of solvent on the metal redox potential is the donor number of the solvent.

Oxidation is en-

hanced with solvents having low donor numbers since they can
assist in the electron removal from the metal ion when bound
in the axial positions of the dye.

1

Bound ligands in the

axial position tend to destabilize the dz2 electron in d

7

octahedral systems as in cobalt(II) complexes and favor the
low spin d

6

metals such as cobalt(III).

The lower donor

number of DMA relative to DMSO should promote oxidation of
the metal by reducing the metal redox potential as is
observed.
A reaction scheme consistent with the iodine reaction
is as follows:

1 2 + 2Co(II)TSPC

I [Co(II)TSPC
2

4-

4]
2

ICo(II)TSPC

4-

K

K

k

5

6

7

I [Co(II)TSPC
2

2ICo(II)TSPC

> ICo(III)TSPC

4]

4-

4-

2

rapid

(5)

(6)

(7)
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with the rate constant for the oxidation process being
equal to K K
5 6

1/2

k, which is consistent with a first order

dependency on the dye concentration and a 1/2 order dependency on the iodine concentration.

The equilibrium in

step one is rapid for the same reasons discussed earlier
in the reaction scheme proposed in DMSO.

No reaction

scheme is proposed when air is present since more experimental data needs to be obtained in this solvent.

C.

Methanol
Two reactions are observed between iodine and C0TSPC

4-

when air is present and excluded from the reaction system.
These results suggest that only iodine is involved in
the reactions observed.

As in all of the solvents, one

of the reactions is too fast for accurate measurement
on the spectrophotometer.

The slower iodine reaction

shows a first order dependency on both the dye and iodine
concentrations or an overall second order reaction.

The

-4
iodine concentration was varied from 4.76x10 M to
-3
4.76x10 M at 291°K while the dye concentration varied
from 4.65x10

-6
to 4.95x10
M at this same temperature.

Table V lists the kinetic results obtained in this solvent.
The second order rate constant for the slower iodine reaction is 8.8M

-1 -1
s
at 291°K which is quite similar to

the value obtained in DMSO.
Activation parameters of the slower iodine reaction
were obtained over a temperature range of 289°-312°K.
A plot of log k vs 1/T is linear and yields activation
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Table V
Summary of Kinetic Results in Me0H

7
10 [C0TSPC

4
10 [I ]
2

T

2
10 k

f

s

-1
(s )

k***
12
-1 -1
(M s )

(M)

(M)

(°K)

4.65

4.76

291

4.17

8.8

46.50

4.76

291

4.13

8.7

49.50

4.76

291

4.13

8.7

49.50

25.00

291

22.30

8.9

49.50

47.60

291

42.00

8.8

50.30

4.76

289

(1.28)*

3.15

6.6

50.30

9.09

289

(2.47)*

5.97

6.6

46.50

9.09

289

6.19**

6.8

50.30

4.76

299

9.62**

20.2

43.20

4.76

299

9.62

20.2

49.40

6.32

299

13.30**

21.0

50.30

4.76

312

31.50

66.2

*
**

**

(s)

3
10 k

Estimated from stopped-flow studies.
Reactant solutions purged with argon for 40 minutes.
Shows that k

has a first order dependency on the
2
iodine concentration.
I
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parameters AH* and AS* of 15.6±2kcal/mole and -15±2 e.u.,
respectively (see Figure 8).

These values are quite compa-

rable to those obtained in DMSO suggesting similar type reSurprisingly this is the only

actions in these two solvents.

solvent tested where there were no reactions observed requiring dissolved oxygen.

Although we could find no electro-

chemical studies of CoTSPC

4- .
in Me0H reported in the litera-

ture, both the donor and acceptor numbers of this solvent
should promote oxidation relative to DMSO provided the trends
of other solvents is followed.

31

Consequently, molecular

oxygen may not be required to fully oxidize the C0TSPC
complex in methanol.

4-

An estimate of the rate constant for

-2 -1
at 291°K or
the faster iodine reaction is 1.28x10 s
26.9M

-1 -1
s
if a first order dependency on iodine is appli-

cable as suggested from a few kinetic runs on the stopped-flow
apparatus at low temperature (see Table V).

Due to the

paucity of experimental data in this solvent, no reaction
scheme is proposed although it is tempting to suggest one
which is similar to that operating in DMSO.

D.

Diethylene Glycol
Rate studies performed in this solvent were difficult

to reproduce since mixing is a problem in ths viscous solvent.
Consequently, a comparison of the kinetic data obtained with
air; present using a mixing wand with that under argon using
the argon gas stream as the mixer needs to be treated with
caution.

Three reactions are observed in the presence of

air but when the reactant solutions are purged with argon,

47

Figure 8.

Determination of Ali* and AS*
in Methanol
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only the fastest and slowest steps remain.

The fastest

reaction which requires only iodine is too rapid for measurement on the spectrophotometer.

The slowest reaction also

requiring only iodine shows a first order dependency on
both the dye and iodine concentrations or an overall second
order reaction.

The concentration of iodine was varied

-3
-3
from 1.20x10 M to 9.52x10 M at 284°K while the concen-5
-6
tration of dye varied from 4.54x10 M to 9.05x10 M at
299°K.

Table VI presents the kinetic results obtained in

diethylene glycol.

The second order rate constant for the

-1 -1
at 291°K which is the
slower iodine reaction is 2.24M s
slowest rate obtained in those solvents showing a first
There

order dependency on the dye and iodine concentrations.

was no simple dependency on the concentrations of iodine and
oxygen for the reaction involving these species which is
consistent with the results obtained in the other solvents.
Activation parameters for the biphasic reaction in DEG
were obtained over a temperature range of 284°-312°K.

Figure

9 presents plots of log k vs 1/T for both the fast and slow
steps of the biphasic reaction which are linear and yield
activation parameters, AH* and AS* of 15.1±2kcal/mole and
-15±2 e.u., 14.9±2kcal/mole and -18±2 e.u., respectively.
The activation parameters for the slower iodine reaction
are quite comparable to those obtained in DMSO and MeOh
suggesting a similar type reaction in these solvents.
No reaction scheme is proposed in this solvent due to
the lack of data on both its electrochemical and kinetic
properties.

In fact, we could find no studies reported in
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Table VI
Summary of Kinetic Results in DEG

6
410 (CoTSPC )

3
10 [I 1
2

T

3
10 k

f

3
10 k

s

k**
12
-1 -1
(M s )

-1
(s )

-1
(s )

284

6.66

1.47

1.23

2.38

284

8.25

3.01

1.26

4.94

9.52

284

115.00

11.80

1.24

4.94

2.38

291

15.70

5.33

2.24

4.94

2.38

291

15.70

5.33

2.24

90.50

4.76

299

126.00

22.30

4.68

4.94

2.38

299

30.10

11.00

4.62

4.54

2.38

299

-

11.50*

4.83

4.94

2.38

312

92.40

(M)

(M)

(°K)

4.94

1.20

4.94

*
**

32.20

13.53

Reactant solutions purged with argon for 40 minutes.
Shows that k

I

has a first order dependency on the

iodine concearation.
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Figure 9.

Determination of AH* and AS*
in Diethylene Glycol
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the literature involving C0TSPC

4-

in this solvent.

Table VII presents a summary of the rate constants and
activation parameters obtained in the various solvents for
the slower iodine reaction.

A comparison of the activation

parameters obtained in DMA with those obtained in Me0H, DMSO,
and DEG suggests that a different reaction mechanism or
step is involved in this solvent.

Table VIII summarizes

the kinetic results obtained for the reaction requiring
oxygen.
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Table VII
Summary of Rate Constants and Activation Parameters
for the Slower Iodine Reaction in Various Solvents

T = 291°K

Solvent

k

1

AH*

AS*

2

-1-1
(M s )

(kcal/mole)

(e.u.)

Me0H

8.80

15.6

-15

DMSO

6.80

17.3

- 8

DEG

2.24

14.9

-18

DMA

0.72*

5.8

-47

*

Units of this rate constant are M-1/2s-1.
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Table VIII
Summary of Rate Constants and Activation Parameters
for the Oxygen Reaction in Various Solvents

T = 291°K

Solvent

2
10 k

AH*

AS*

-1
(s )

(kcal/mole)

(e.u.)

-

-

DMA

23.10

7.4

-38

DEG

1.57

15.1

-15

DMSO

0.71

8.8

-40

Me0H

-
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APPENDIX

A second reaction scheme which is consistent with all
of our observations is as follows:

I + Co(II)TSPC
2

K

4-

8

""- I Co(II)TSPC
2

4, rapid (8)

k
449
I Co(II)TSPC
---->ICo(III)TsPC
+ I2

I. + Co(II)TSPC

1/2 0 +ICo(III)TSPC
2

4-

10

k

4-

s

> ICo(III)TSPC

ICo(III)TSPC

(9)

4, fast (10)

3-

+ OH- (11)

In this proposed reaction scheme the second step is not an
equilibrium reaction and one of the products is an iodine
atom rather than an iodide anion.

The third step which is

too fast to be measured on the Cary Model 14 spectrophotometer involves oxidation of a second Co(II)TSPC
with the iodine atom.

4-

species

Note that the first and last steps

of this reaction mechanism are similar to that proposed on
p• 37 in the text.

The observed rate constant, k i

shown

2
in Table II would be equivalent to K k
in this reaction
1 2
scheme and would have a first order dependency on both the
iodine and Co(II)TSPC

4-

concentrations.
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